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DefenestrationThe fenestrations of liver sinusoidal endothelial cells (LSECs) play important roles in the exchange of
macromolecules, solutes, and ﬂuid between blood and surrounding liver tissues in response to hepatotoxic
drugs, toxins, and oxidative stress. As excess iron is a hepatotoxin, LSECs may be affected by excess iron. In
this study, we found a novel link between LSEC defenestration and hepatic nerve growth factor (NGF) in
iron-overloaded mice. By Western blotting, NGF was highly expressed, whereas VEGF and HGF were not,
and hepatic NGF mRNA levels were increased according to digital PCR. Immunohistochemically, NGF staining was
localized inhepatocytes,while TrkA, anNGF receptor,was localized in LSECs. Scanning electronmicroscopy revealed
LSEC defenestration in mice overloaded with iron as well as mice treated with recombinant NGF. Treatment with
conditioned medium from iron-overloaded primary hepatocytes reduced primary LSEC fenestrations, while
treatment with an anti-NGF neutralizing antibody or TrkA inhibitor, K252a, reversed this effect. However,
iron-loadedmedium itself did not reduce fenestration. In conclusion, iron accumulation induces NGF expression
in hepatocytes, which in turn leads to LSEC defenestration via TrkA. This novel link between iron and NGF may
aid our understanding of the development of chronic liver disease.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Liver sinusoidal endothelial cells (LSECs) are unique endothelial cells
both morphologically and functionally. These cells line hepatic sinusoids
and thus play important roles in regulating hepatic microcirculation.
They also lack a basement membrane and are characterized by fenestrae,
which occupy 6-8% of the endothelial surface [1–4] and act as
dynamic ﬁlters that play an active role in regulating the exchange of
macromolecules, solutes, and ﬂuid between the blood and the surround-
ing tissues [5–7]. However, in disease states, the diameter and number of
LSEC fenestrae undergo changes, such as loss of fenestrae (defenestra-
tion), in both animals and humans [8–17]. These changes can be induced
by several factors, including drugs and toxins [18–22], and are believed to
have adverse effects on liver function in general [4]. However, the precise
mechanism by which these hepatotoxins induce defenestration remains
to be elucidated. Iron, a vital requirement for normal cellular function, isl Immunology and Regenerative
origaoka-Higashi, Asahikawa,
aka).also an important hepatotoxin when present in excess, which may affect
endothelial cell function and induce defenestration.
It is well known that growth factors, such as hepatocyte growth factor
(HGF), tumor necrosis factor (TNF), and interleukin-6 (IL-6), are involved
in hepatic regeneration [24]. Furthermore, neurotrophins (NTs) may play
a role in hepatic regeneration [25–27]. Nerve growth factor (NGF), a
member of the NT family, is the most expressed NT in the adult mouse
liver [28]. NGF is also proapoptotic in the liver [27] and is thought to
protect the liver against oxidative stress and xenobiotic injury [29]. NGF
was also shown to be highly expressed in hepatocytes and hepatoma
cells in liver cirrhosis and hepatocellular carcinoma in both clinical [30,
31] and animal models [26,27], which suggests that NGF may contribute
to the pathophysiology of liver disease. Thus, in the present study, we
focused on the link between hepatic iron overload and NGF expression
using mouse models of iron overload.
2. Materials and methods
2.1. Animals
Male C57Bl/6 mice (Clea Japan, Tokyo, Japan) were randomly
assigned to three treatment groups: control, dietary iron (slight
Fig. 1. Serum andhistologic evidence of iron overload. (A) Serum ironwas slightly increased in the iron diet group but signiﬁcantly increased in the iron dextran group. However, UIBCwas
signiﬁcantly reduced. (B) Slight iron accumulation was observed in the portal area of iron diet mice, with severe iron accumulation observed throughout the liver tissues of iron dextran
mice (*P b 0.05). H&E staining shown in the upper row, Berlin Blue staining shown in the lower row.
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comprised ﬁve mice. The control group was fed a regular mouse chow
diet for 8 weeks, while the dietary iron overload group was fed a 2.5%
(w/w) carbonyl iron diet for 8 weeks. The iron dextran group received
intraperitoneal injections of iron dextran solution (10 mg iron/head/
day) (Sigma-Aldrich, St. Louis, MO, USA) for 5 days. Another group of
ﬁve mice received intraperitoneal injections of mouse recombinant
NGF (1 μg/head/day) (Promega, Madison, WI, USA) for 3 days. The mice
were sacriﬁced at the end of each treatment period, and serum and
liver tissues were collected. The liver tissues were processed for
formalin-ﬁxed parafﬁn-embedded tissue blocks and then subjected
to H&E and Berlin Blue staining. All animal experiments were
approved by the animal experiments committee of the Asahikawa
Medical University (Hokkaido, Japan) based on guidelines for the
protection of animals.2.2. Serum analysis
Serum iron and unsaturated iron binding capacity (UIBC) were
measured with the automatic serum analyzer LABOSPECT 008 (Hitachi,
Tokyo, Japan). Assay reagents were obtained from Shino-Test (Tokyo,
Japan).2.3. Western blotting
Liver tissues were lysed in RIPA buffer, separated in polyacrylamide
gels andelectro-transferred tonitrocellulosemembranes. After blocking
with 5% nonfat drymilk in PBST buffer (PBS containing 0.05% Tween-20),
the membranes were probed with rabbit anti-NGF (Abcam, Cambridge,
UK), rabbit anti-HGF (Abcam), mouse anti-VEGF (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), rabbit anti-TrkA (Novus Biologicals, Littleton,
CO, USA), or mouse anti-Actin antibody (BD Bioscience, Franklin Lakes,
NJ, USA). The membranes were then incubated with the respective
HRP-conjugated anti-mouse or anti-rabbit IgG secondary antibodies
(R&D Systems, Minneapolis, MN, USA). Antibody binding was visualized
using the SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientiﬁc, Waltham, MA, USA).2.4. Digital PCR analysis
Absolute copy numbers of mouse Ngf mRNA were analyzed using
the digital PCR system with the TaqMan probe for mouse Ngf (Life
Technologies, Carlsbad, CA, USA). RNA was extracted from the livers
using the Purelink RNA mini kit (Life Technologies), and the RNA
concentrations were measured by ﬂuorometric quantiﬁcation using
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capacity complementary DNA reverse transcription kit (Life Tech-
nologies) was then performed. PCR results were analyzed using the
QuantStudio 3D Digital PCR system (Life Technologies).
2.5. Cell isolation and culture
Primary hepatocytes and LSECswere isolated fromhealthy, untreated
C57Bl/6mice using the in situ collagenase perfusionmethod [32]. Primary
hepatocytes were cultured in William's E medium (supplemented with
10% FBS, 0.1 μmol/L EGF and 0.1 μmol/L insulin) (Sigma-Aldrich), while
primary LSECs were cultured in DMEM (supplemented with 10%
FBS and penicillin streptomycin) (Wako, Tokyo, Japan) overnight.
The primary hepatocytes were then treated with holo-transferrin
(3 mg/mL and 6 mg/mL) conjugated with Alexa Fluor 594 (Invitrogen,Fig. 2. NGF is highly expressed in the liver following iron overload. (A) Western blot analysis fo
NGF in mouse liver tissues.Carlsbad, CA, USA) and ferric ammonium citrate (FAC) (1 μM and
5 μM) (Sigma-Aldrich) for 24 h. For electron microscopy, LSECs were
treated with mouse recombinant NGF (5 ng/mL) (Promega), mouse
anti-NGF neutralizing antibody (1 μg/mL) (Millipore, Temecula, CA,
USA), and K252a, the TrkA inhibitor (5 ng/mL) (LC Laboratories,
Woburn, MA, USA). For the MTT assay (Promega), primary LSECs were
cultured with 0, 1, 5, and 10 ng/mL mouse recombinant NGF (Promega)
for 24 and 48 h, and the cell growth activity was measured according to
the manufacturer's protocol.
2.6. Immunohistochemistry and Immunoﬂuorescence
After deparafﬁnization, rehydration, and antigen retrieval, the tissue
sections were ﬁrst incubated with anti-NGF rabbit polyclonal antibody
(Abcam, Cambridge, UK) and anti-TrkA rabbit polyclonal antibodyr NGF, HGF, and VEGF. (B) Ngf mRNA analysis (*P b 0.05). (C) Immunohistochemistry for
Fig. 3. Primary hepatocytes express NGF following iron overload. (A) NGF expression in primary hepatocytes cultured in pre-conditioned iron overload medium (Alexa Fluor 594-conju-
gated holo-transferrin and FAC) (×400 original magniﬁcation) for 24 h.Western blotting in (B) holo-transferrin (3mg/mL and 6mg/mL)- and (C) FAC (1 μM and 5 μM)-treated samples.
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with the HRP-conjugated secondary antibody system ImmPRESS
reagent (Vector Labs, Burlingame, CA, USA). Primary hepatocytes and
LSECs were ﬁxed in 4% paraformaldehyde and then incubated with
anti-NGF (Abcam) and anti-VE-cadherin (Abcam) antibodies, respective-
ly. The samples were then incubated with Alexa Fluor 488-conjugated
anti-rabbit IgG antibody (Invitrogen), followed by nuclear staining with
4′,6-diamidino-2-phenylindole (DAPI). Fluorescent microscopy was
performed with a BZ-9000 microscope (Keyence, Osaka, Japan).
2.7. Scanning electron microscopy
After the mice were sacriﬁced, the livers were cannulated via the
portal vein and ﬁxed in 2.5% glutaraldehyde. The livers were then
collected and cut into small blocks, whichwere then ﬁxed in 4% osmium
for 1 h. The livers were then processed for sequential alcohol dehydration
and inﬁltrated with t-butyl alcohol. After freezing, the tissues were
vacuum-dried and then coated with ion sputter Hitachi E-1030 (Hitachi,
Tokyo, Japan) for analysis with the scanning electron microscope SEM
S-4100 (Hitachi). For isolated primary LSECs, the cells were plated oncollagen-coated cell culture inserts (BD Biosciences, Bedford, MA),
cultured overnight, and treated for 24 h as described in the Cell Isolation
and Culture section.Membranes of the cell culture inserts containing cells
were then processed using the same procedures described above. For
quantiﬁcation of fenestrae in liver sinusoids or primary LSECs, the number
of fenestrae (per μm2) was analyzed with Image J (NIH, Bethesda,
Maryland, USA).
2.8. Statistics
The Student's paired t-test was used. P b 0.05 was considered
statistically signiﬁcant.
3. Results
3.1. Serum and histologic evidence of slight and severe iron overload in
experimental animals
The serum iron concentration in the iron diet group (slight iron
overload) was slight but statistically signiﬁcant. However, in the iron
Fig. 4. LSECs express TrkA. (A) TrkA (brown staining) expression in LSECs. (B) Western blotting for TrkA expression in hepatocytes (HC) and LSECs. (C) Positive staining for VE-cadherin
(green) in isolated LSECs. (D) Growth assay in primary isolated LSECs cultured with mouse recombinant NGF.
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signiﬁcantly increased, while UIBC was signiﬁcantly decreased (Fig. 1A).
Histologic evidence of hepatocellular iron in the iron diet group was
mild and subtle with only slight iron accumulation in hepatocytes in
the portal area, while hepatocellular iron in the iron dextran group was
severe, with clear evidence of iron accumulation in the entire liver tissue
(Fig. 1B).
3.2. Hepatocytes express NGF during iron overload
By Western blotting, mouse NGF expression was up-regulated in the
livers of both iron overload models, while the expression of HGF and
VEGF, two important hepatic growth factors, did not show any signiﬁcantchange (Fig. 2A). Digital PCR analysis of absolute mRNA copy numbers
showed that Ngf mRNA expression was signiﬁcantly up-regulated in
both iron overload models (Fig. 2B). Of note, Ngf expression was
signiﬁcantly up-regulated even in the slight iron overload liver, which
showed no histological evidence of inﬂammation or cellular damage.
This observation indicates that Ngf expression may serve as an early
event during iron accumulation. Immunohistochemistry further showed
that NGF protein was localized in hepatocytes (Fig. 2C).
3.3. Primary hepatocytes express NGF in iron overload conditionedmedium
To conﬁrm the cellular source of NGF expression in the liver, immuno-
ﬂuorescence staining of primary hepatocytes cultured in pre-conditioned
Fig. 5. SEM inmouse liver tissue. (A) LSEC fenestrae (insert) were clearly visible in control tissues (SEM×10,000magniﬁcation). LSEC fenestrationwas absent in iron diet and iron dextran
livers. Defenestration was also observed in LSECs after NGF treatment. The pictures shown for each treatment group represent one picture selected from a total of ﬁve representative im-
ages. (B) Graph showing the number of fenestrae per μm2.
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was performed.NGF expressionwas up-regulated in primary hepatocytes
in both the holo-transferrin (6 mg/mL) and FAC-treated samples (5 μM)
(Fig. 3A), and this ﬁnding was further conﬁrmed with Western blotting
(Fig. 3B and C).
3.4. LSECs express TrkA
As NGF mainly signals through the high-afﬁnity tyrosine kinase-
coupled receptor TrkA, we characterized the expression of this receptor.
By immunohistochemical staining, TrkA was positively expressed in
LSECs following iron overload (Fig. 4A). Western blotting for the
mouse TrkA antibody in primary isolated LSECs, and hepatocytes
conﬁrmed the expression of TrkA in LSECs but not in hepatocytes
(Fig. 4B). Immunoﬂuorescence staining showed intense staining forVE-cadherin, an endothelial cell marker, in isolated LSECmembranes
(Fig. 4C). Because isolated primary LSEC growth is reported to be
stimulated by growth-promoting substances secreted from cultured
hepatocytes [33], we also investigated whether recombinant NGF had
any growth effect on LSECs. However,we found thatmouse recombinant
NGF did not affect the growth of LSECs in vitro (Fig. 4D).3.5. LSEC fenestration is lost during iron overload
Using high-performance scanning electron microscopy (SEM), we
investigatedwhether iron overload induced anymorphological changes
in the liver. While sieve plate structures (fenestrae) were present in the
liver sinusoids of control mice, fenestrationwas not present in both iron
overload models (Fig. 5A, B). Interestingly, this same phenomenon
Fig. 6. SEM in isolated LSECs. (A) Mouse recombinant NGF (5 ng/mL) reduced LSEC fenestration, whereas treatment with an anti-NGF neutralizing antibody or the TrkA inhibitor, K252a,
reversed this effect (SEM ×50,000 magniﬁcation). The white dotted line in the control image represents a 1 μm2 area. (B) Graph showing the number of fenestrae per μm2. The pictures
shown for each treatment group represent one picture selected from a total of ﬁve representative images. Anti-NGF: NGF neutralizing antibody. K252a: TrkA inhibitor.
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injected with mouse recombinant NGF (Fig. 5A, B).
3.6. NGF reduces fenestration in LSECs
To investigate the hypothesis that NGF may be responsible for the
defenestration observed, mouse primary LSECs were isolated and
cultured with mouse recombinant NGF, after which SEMwas performed.
The results showed evidence of defenestration (Fig. 6A, B), although
subsequent incubation with an anti-NGF neutralizing antibody or TrkA
inhibitor (K252a) reversed this defenestration effect (Fig. 6A, B).
3.7. Iron does not directly inﬂuence LSEC fenestration
To assess whether or not ironwas responsible for the defenestration
observed, primary LSECs were cultured in fresh iron overload medium(6 mg/mL holo-transferrin and 5 μM FAC) for 24 h. Defenestration was
not observed in this experiment (Fig. 7A, C). Mouse hepatocytes were
then cultured in iron overload medium (6 mg/mL holo-transferrin) for
24 h, and the supernatant was collected. When this pre-conditioned
supernatant medium was cultured with mouse primary LSECs, LSEC
fenestration was reduced, and treatment with an anti-NGF neutralizing
antibody or TrkA inhibitor (K252a) reversed this effect (Fig. 7B, C).
These observations clearly indicate that iron stimulated NGF secretion
from hepatocytes, which then induced LSEC defenestration.
4. Discussion
Our study demonstrates that NGF is highly expressed under
conditions of both severe and slight iron overload in mice, suggesting
a possible role for NGF in hepatic iron loading.We also observed intense
staining for NGF in hepatocytes, which indicates that hepatocytes are
Fig. 7. SEM in isolated LSECs. (A) LSEC fenestration was unaffected after treatment with fresh iron-overloadedmedium (holo-transferrin 6mg/ml and 5 μMFAC). Thewhite dotted line in
the control image represents a 1 μm2area. (B) LSEC fenestrationwas reduced after culture in supernatant iron overloadmedium(holo-transferrin 6mg/ml) obtained frompre-culturewith
mouse primary hepatocytes. Treatment with an anti-NGF neutralizing antibody or TrkA inhibitor, K252a, reversed this effect (SEM x50,000 magniﬁcation). The white dotted line in the
control image represents a 1 μm2 area. (C) Graph showing the number of fenestrae per μm2. The pictures shown for each treatment group represent one picture selected from a total
of ﬁve representative images. C.M.: conditioned medium from iron-overloaded primary hepatocytes.
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Several growth factors regulate liver regeneration after exposure to
hepatotoxins; however, the expression of two such important growth
factors, HGF and VEGF, in the iron-loaded liver showed no signiﬁcant
change in expression, compared to that of NGF. This indicates that NGF
is one of the growth factors that is secreted early in the development of
liver iron loading. Furthermore, the high-afﬁnity NGF receptor, TrkA,
was found to be expressed in LSECs of both control and iron-overloaded
mice. While different cellular populations including hepatocytes, biliary
epithelial cells, Kupffer cells, and stellate cells make up the intact liver,
this ﬁnding suggests that LSECs are the main target for NGF and suggests
a possible paracrine mode of action for NGF in the liver. Thus, our
study demonstrates the localization of TrkA in LSECs of control and
iron-overloaded mice in vivo.
Most importantly, endothelial cell defenestration was observed in
both the severe aswell as slight iron overloadmodels, a clear indication
that defenestration occurs early in the development of iron overload.
One critical step to understanding the potential relevance of this
observation was determining the factor responsible for this occurrence.As iron in excess represents a potential hepatotoxin capable of inﬂuencing
endothelial cell function and defenestration, the possibility that iron itself
mayhave induced the defenestrationwas considered.We also considered
the fact that the deleterious effects of oxidative damage due to reactive
oxygen species could also, at least in part, have been responsible for the
defenestration of LSECs [23]. Surprisingly, however, we found that iron
itself did not directly affect LSEC defenestration. To further investigate
the relevance of this ﬁnding, we also considered NGF as the factor
responsible because it was highly expressed, and we found that when
mouse primary endothelial cells were culturedwithmouse recombinant
NGF, defenestration was increased as compared to the controls. To
further conﬁrm this ﬁnding, we observed that subsequent incubation
with an anti-NGF neutralizing antibody or the TrkA inhibitor (K252a)
reversed this defenestration effect. Taken together, these data provide
clear evidence that under conditions of iron overload, NGF is expressed
and released from hepatocytes, which then induces a defenestration
response in LSECs via TrkA signaling. The data also demonstrate that
the expression of NGF and subsequent defenestration occur early in
the development of iron overload, which is possibly aimed at reducing
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similar to the response of endothelial cells to other agents [14–22].
This phenomenonmay therefore contribute to the defensivemachinery
employed by the liver to counter iron accumulation during periods of
overload and may represent an early part of the sequence of events
that precede eventual liver disease. It is not yet clear how iron induces
NGF expression in hepatocytes, but epigenetic regulation may be
responsible. A recent study implicated epigenesis in the control of NGF
during alcohol withdrawal [34], whereas another reported frequent
hypermethylation of six genes (RASSF1A, cyclinD2, p16INK4a, GSTπ1,
SOCS-1, and APC) in patients with hereditary hemochromatosis, with
an elevated risk of developing HCC [35]. Taken together, the epigenetic
regulation of NGF by iron is likely to occur, although further studies are
needed to clarify this issue.
In this report, we have provided evidence indicating that NGF medi-
ates the regulation of LSEC fenestration during the development of iron
overload, a phenomenon that may contribute to the defense of the liver
to protect against iron excess, even in the early stages of the development
of iron overload. This newly demonstrated link between iron and NGF on
endothelial cell defenestration may contribute to further broaden our
scope of understanding regarding the likely role of NGF in the interplay
between iron loading and endothelial cell function. Future studies will
be required to further elucidate the mechanism by which iron increases
the expression of NGF in iron overload.
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